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Abstract—Numerical simulations are used to study the electro-
magnetic scattering from phase agile microstrip reflectarray cells 
which exploit the voltage controlled dielectric anisotropy property 
of nematic state liquid crystals (LCs). In the computer model two 
arrays of equal size elements constructed on a 15/zm thick tune-
able LC layer were designed to operate at center frequencies of 102 
GHz and 130 GHz. Micromachining processes based on the metal-
lization of quartz/silicon wafers and an industry compatible LCD 
packaging technique were employed to fabricate the grounded pe-
riodic structures. The loss and the phase of the reflected signals 
were measured using a quasi-optical test bench with the reflec-
tarray inserted at the beam waist of the imaged Gaussian beam, 
thus eliminating some of the major problems associated with tra-
ditional free-space characterization at these frequencies. By ap-
plying a low frequency AC bias voltage of 10 V, a 165° phase shift 
with a loss 4.5-6.4 dB at 102 GHz and 130° phase shift with a loss 
variation between 4.3-7 dB at 130 GHz was obtained. The exper-
imental results are shown to be in close agreement with the com-
puter model. 
Index Terms—Beam scanning arrays, liquid crystals (LCs), mil-
limeter wave antennas, phase characterization, quasi-optical mea-
surements, reconfigurable antennas, reflectarray. 
I. INTRODUCTION 
R ECENTLY it has been shown that it is possible to modu-late the phase of signals in the microwave and mm wave 
bands by exploiting the physical response of LC molecules to 
an applied electric field. Several prototype devices based on 
liquid crystal substrate with tunable permittivity have been re-
ported. These include a reconfigurable bandpass frequency se-
lective surface (FSS) [1], an electronically steered beam reflec-
tarray which is center fed by an open ended waveguide [2], and 
an offset horn fed reflectarray with switchable sum/difference 
radiation patterns, i.e., monopulse operation [3]. Phase shifter 
technology based on this approach is potentially attractive be-
cause of the low cost, the simplicity of the biasing arrange-
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ment, the ease of fabrication and integration, and unlike semi-
conductor devices no limitation is imposed on the upper oper-
ating frequency. Moreover the dielectric absorption loss of LC 
reduces with frequency [4] and switching speed is faster due to 
the reduction in the physical thickness of the LC layer. In this 
paper we describe the design of prototype reflectarray structures 
which operate at frequencies above 100 GHz. The scattering pa-
rameters were computed by modelling the structure as an infi-
nite array of identical size patch elements using a unit cell with 
appropriate boundary conditions. In the simulator the patches 
are placed on a 300 /xm thick quartz superstrate and the 15 ttm 
gap between the array and the ground plane is filled with tun-
able LC material. The permittivity value of the tunable layer 
was varied between e// — 3.2 (biased state) and e± — 2.8 (0 
V state), and for each state tan 6 — 0.02 was used in the com-
puter model. These values were obtained previously for Merck 
BL037 LC mixture [5], by data fitting computed results to ex-
perimental data over the frequency range 110-170 GHz [1]. The 
construction method that was used to fabricate the two struc-
tures is described and the amplitude and phase of the reflected 
signals, which were obtained from a novel quasi-optical mea-
surement set up, are shown to be in close agreement with nu-
merical results. 
II. DESIGN AND NUMERICAL RESULTS 
Fig. 1 depicts a schematic plot of the tunable unit cell and 
the orientation of the liquid crystals in the unbiased and biased 
states. The director of the LC molecules is orientated in the di-
rection of the wafer surface by an appropriate surface treatment 
such as a thin brushed polymer coating. The torque necessary 
to rotate the molecules perpendicular to the surface, as shown 
in Fig. 1, is obtained by applying a low frequency AC voltage 
between the patch and the ground plane, to create a variable z-di-
rected electrostatic field in the substrate region. As a result, the 
permittivity of the tunable substrate varies between two values 
e// (biased state) and e± (0 V state) and therefore the dielec-
tric anisotropy is given by Aeeff = e// - e± [6]. Note that the 
effective dielectric constant is insensitive to the orientation of 
the electric field in the X Y plane, and therefore it is valid for 
any polarization and angle of incidence of the impinging wave. 
Thus the resonant frequency of the microstrip patches and hence 
the reflection phase and amplitude of the scattering wave can be 
controlled by applying a bias voltage. In this paper we only show 
the extreme phase states which correspond to bias voltage of 0 
V and 10 V because the difference between these two values 
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provides the maximum dynamic phase range of the cell at a 
given frequency. Between these two states the change in reflec-
tion phase is a non linear function of the applied voltage [7]. For 
applications above 100 GHz the choice of the superstrate mate-
rial is important for two reasons. Firstly accurate permittivity 
and loss tangent values of the wafer material must be available, 
and secondly the wafer must have an optically smooth surface 
with a uniform thickness. This will ensure good surface align-
ment and produce a uniform gap (TLC) between the patch array 
and the ground plane. Quartz was selected because it fulfils the 
criteria (er = 3.78, tan 6 — 0.002 [1]) and moreover this ma-
terial is space qualified. Copper coated Si was used as a ground 
plane because this satisfies the mechanical requirements. CST 
microwave studio was used to design and simulate the scattering 
behavior of the arrays which were modelled using 300 /im thick 
quartz wafers with the patches in contact with the LC film as 
shown in Fig. 1. Printing the elements on the inner surface of 
the non tunable substrate maximizes the phase agility of the cell 
without the need to employ an ultra thin wafer, which would be 
the case if the periodic array was located on the upper surface. 
The dimensions of the two devices are given by: 
refiectarray #1; 
Dx = Dy = 0.9 mm, lp = 0.77 mm, wp = 0.7 mm, 
?LC = 15 /um; 
refiectarray #2 
Dx = Dy = 0.7 mm, lp = 0.6 mm, wp = 0.5 mm, 
TLC = 15 fim. 
Simulated plots showing the reflection loss, the phase, and the 
phase agility of the two periodic structures are depicted in Fig. 2 
over the frequency range 95-110 GHz and 115-150 GHz for LC 
permittivity values of 2.8 (e±) and 3.2 (s//). The center res-
onant frequency of refiectarray #1, which corresponds to the 
maximum reflection loss, is predicted to shift from 105.0 to 
98.9 GHz (5.8% tunable range) for permittivity values corre-
sponding to the perpendicular and parallel orientation of the 
LC molecules. The center design frequency of 101.72 GHz is 
chosen to give the maximum dynamic reflection phase range 
(A</Jmax = <p{fo)e± — <p{fo)e//) whichfor this structure isl80°. 
Over this range of discrete phase states the loss is predicted to 
vary between 3 and 7 dB. Refiectarray #2 was designed to op-
erate at a frequency which is approximately 30% higher but still 
within the operating band (95-170 GHz) of the D band wave-
guide measurement setup. The purpose of designing the second 
phase agile array was to provide further evidence that the di-
electric properties of the LC are insensitive to frequency within 
this range [1], and moreover to demonstrate the accuracy and 
repeatability of the manufacturing technique that was employed 
to create the experimental devices. Fig. 2(b) shows that the pre-
dicted resonant frequencies are 136.3 GHz (e±) and 128.3 GHz 
(,£//), thus the tunable range of 5.9% is the same as refiectarray 
#1. Moreover the maximum dynamic reflection phase range of 
128° occurs at 132 GHz and the loss for these phase states is 
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Fig. 2. Simulated and experimental reflection loss (upper plot), phase (lower 
plot), and phase agility (center plot) of (a) refiectarray #1 and (b) refiectarray 
#2. 
III. FABRICATION AND MEASUREMENT TECHNIQUE 
As shown in Fig. 3, the 0.8 /zm thick copper patch elements 
were patterned on 2 in diameter quartz with one edge of the 300 
yum thick wafers cut in length to 20 mm. In order to avoid ox-
idation, a 0.1 /zm gold film was electroplated on the surface of 
the conductors. Similarly the Si substrate was single side coated 
3114 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 56, NO. 10, OCTOBER 2008 
Fig. 3. Schematic plot of the reflectarray geometry. 
by the Au/Cu film to form the ground plane. The polymer LC 
alignment layers were formed on the conductors by brushing a 
spin coated 100 nm thick polyimide film, to form very fine mi-
crogrooves. In this work the 15 /irn interlayer separation was 
achieved by using precision spacers with a tolerance of ±2 /xm. 
The packaging was completed by bonding and sealing the gap 
between the two wafers after which a vacuum filling technique 
[1] was employed to insert the liquid crystals into the cavity be-
tween the Quartz and Si. The identical size elements were con-
nected in columns by 50 /xm wide bias lines which were pat-
terned along the non radiation edges of the patches as shown in 
Fig. 3. Because of the need to apply the same excitation voltage 
to all of the elements in the array, the columns were connected 
to a common biasing connection pad which is located opposite 
to the cut edge. The measured dimensional tolerances on the 
value of TQuai tz, lp, and wp are ±10 /xm, ±5 /xm, and ±5 /xm 
respectively. 
Waveguide simulator measurements have recently been 
used at X-band in a proof of concept study to demonstrate 
that dynamic phase control can be obtained by constructing 
a reflectarray on a thin layer of liquid crystals [6]. Moreover 
by employing data fitting to the experimental results, the loss 
tangent and permittivity values of three commercially available 
anisotropic specimens were obtained [8]. However at mm 
wavelengths an alternative experimental technique is required 
to measure the scattering parameters of reflectarray cells. 
This is because it is very difficult to package and accurately 
align the unit cells of the sub array within the rectangular 
waveguide aperture. A free space method which was employed 
to measure the phase agility and reflection loss of a 16x16 
element microstrip reflectarray aperture has been reported at 77 
GHz [2]. The S21 measurement was performed in an anechoic 
chamber using two horns separated from the periodic array 
(and metal calibration plate) by a distance of several meters. 
Although useful results were obtained, the measurement ac-
curacy is limited by the free space attenuation, small target 
size, multipath effects, and changes in the environment. In this 
paper we describe an alternative technique which originated 
from a previous test setup that was used to measure the spectral 
Fig. 4. Photograph of mm wave quasi-optical test bench—note that the Y-Z 
plane represents the bench surface plane, the array surface is orientated verti-
cally in the X-Y plane, the incident electric field propagates in the z direction 
and it is orientated parallel to the x- axis. 
transmittance of FSS in the frequency range 250-360 GHz 
[9]. The amplitude and phase of the signals scattered from 
the reflectarrays were measured using an AB millimeter wave 
vector network analyzer (VNA) [10] with a quasi-optical test 
bench which employs reflective focusing optics to transform 
the Gaussian beam generated by a broad band corrugated 
feed horn. The reflectarrays were positioned at the beamwaist 
which has a radius of approximately 12 mm at 130 GHz and 
therefore the edge illumination is approximately -40 dB [11]. 
This ensures that beam truncation does not cause power loss 
and also diffraction effects can be neglected. Moreover the 
electromagnetic environment is the same as in the CST model 
where the reflectarray is assumed to be infinite in extent and 
illuminated by a plane wave at normal incidence. As shown 
in Fig. 4, the Sn parameters were obtained by taking a ratio 
of the spectra measured with the reflectarrays (DUT—devices 
under test) and a gold coated mirror. The DUT were orientated 
normal to the propagation direction of the incident plane wave 
which is vertically polarized. The directivity of the directional 
coupler was —15 dB (signal path port #1 to port #2) and 
therefore an FFT filter in the VNA was used to reduce the 
ripple in the measured reflectivity plots (signal path port #3 to 
port #2) [12]. The frequency sweeps were performed over a 
bandwidth of approximately 10% using a harmonic generator 
source and a harmonic mixer detector. The spectral resolution 
was 25 MHz and the experimental repeatability was found to be 
within 0.1 dB. No multipath occurs and the loss in the system is 
negligible because highly polished focussing mirrors are used 
to transform the Gaussian beam. 
IV. MEASURED RESULTS 
The reflected power from the phase agile structures was mea-
sured for the two extreme orientations of the organic molecules, 
i.e., in the unbiased state and then with each grounded patch el-
ement energized by an AC voltage (5 KHz, sine wave, 10 V am-
plitude). The orientation of the electric field was parallel to the 
X axis as shown in Figs. 3 and 4, therefore interaction with the 
bias control lines was minimised. In Fig. 2(a) the measured re-
sults for reflectarray #1 are compared with predictions that were 
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generated by CST over the band 95-110 GHz. It is shown that 
the resonant frequency decreases from 104.7 GHz (0 V) to 98.2 
GHz (10 V) thus permitting discrete phase states to be selected 
over a 165° range at 102.3 GHz. The measured reflection loss 
was shown to vary between 4.5 and 6.4 dB within the range of 
the phase states, thus the figure of merit value is 26°/dB. Very 
good agreement is shown between the numerical and experi-
mental phase and amplitude results. This is also the case shown 
in Fig. 2(b) for reflectarray #2. For this structure the measured 
resonant frequency shifts downwards from 135 to 124.8 GHz 
when the array is biased thus giving a tunable frequency range 
of 7.5%. At the center operating frequency of 130.2 GHz the 
dynamic phase range is approximately 130° and the measured 
reflection loss varies between 4.3 dB (0 V) and 7 dB (10 V), 
which is about 2 dB higher than the predicted values. This can 
probably be attributed to a small deviation in the angle of the 
sample holder which was found to occur when the calibration 
mirror was replaced by the reflectarray. The path length between 
the corrugated feed and the reflectarray is approximately 45 cm, 
therefore a small angular error will cause a considerable amount 
of power to be reflected outside the view of the detector horn. 
On the other hand the phase agility measurements were obtained 
with and without the bias voltage applied to the reflectarray, and 
thus because this is a relative measurement, the results are less 
sensitive to mechanical misalignment. 
10 12 14 16 18 20 22 24 26 28 30 32 
TLC (*im) 
Fig. 5. Computed plots for reflectarray with patch dimensions Dx = Dy = 
0.7 mm, lp = 0.6 mm, wp = 0.5 mm and variable superstate and LC layer 
thickness (a) reflection phase shift, (b) reflection loss and (c) figure of merit. 
TABLE I 
Loss FACTORS AND MEASURED TOTAL Loss 
Reflectarray 
l#(102GHz) 
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V. DISCUSSION, APPLICATIONS AND CONCLUSION 
The computed plane wave scattering from two reflectarray 
structures with tunable liquid crystal substrate was shown to be 
in good agreement with experimental results which were ob-
tained from a reflective focussing optics test bench. This is the 
first time that a quasi-optical technique has been used to measure 
the dynamic response of a phase agile reflectarray at mm wave-
lengths. In addition to overcoming the drawbacks of a simple 
free space measurement system, the quasi-optical method cre-
ates an electromagnetic environment which is identical to the 
one used in the computer model, and moreover the results can 
be used to yield the dielectric properties of the LC specimens 
[1]. Table I summarizes the maximum loss components obtained 
from the simulations using CST at the center operating fre-
quency of the two reflectarray s which have a LC thickness of 15 
/im. It is noted that both the LC absorption loss and the Ohmic 
loss are lower when the substrate is electrically thicker. Sim-
ilarly in Fig. 2(a) and (b), the phase agility of the structure is 
also shown to decrease around resonance because in this region 
the phase slope versus frequency is inversely proportional to the 
substrate thickness [13], [14]. The tradeoff between signal loss 
and the dynamic phase range for different superstate and LC 
layer thicknesses is depicted in Fig. 5 where the maximum figure 
of merit is shown to be around 30°/dB. A significant reduction 
in the loss could be obtained by increasing the thickness of the 
tunable LC substrate as shown in Fig. 5, however an increase 
in the figure of merit would require the synthesis of a LC mix-
ture which has a lower loss tangent and a larger anisotropy value 
than BL037 [4]. Moreover in order to homogeneously align the 
LC molecules in the unbias state, and hence maximize Aeeff, a 
thin tunable layer which is typically less than 500 /im [7], must 
be used. This therefore imposes a lower frequency limitation on 
the operation of this type of resonant antenna structure because 
as observed in Table I the Ohmic loss increases significantly 
when the electrical spacing between the periodic array and the 
ground plane is reduced. Further evidence of this, which can be 
attributed to the higher field intensity in the substrate, is shown 
in [13, Fig. 6], [14] and [15]. 
The phase characterization of passive reflectarray elements 
has recently been demonstrated at 28.3 THz [16] using ad-
vanced design, fabrication and interferometer measurement 
techniques. This technique could be developed further to exploit 
the anisotropy property of liquid crystals in order to provide 
phase agile devices for emerging applications at infrared. 
In the mm and sub mm wave bands an important application 
for the LC reflectarray technology is in the spaceborne meteo-
rological and atmospheric chemistry sounding instruments [17]. 
A phase agile reflectarray based on liquid crystal substrate of-
fers a viable alternative to current technology which employs 
motor driven systems to physically steer the antennas. With fu-
ture mission lifetimes of up to 10 years, tribology issues with 
mechanically scanned antenna systems can therefore be elimi-
nated. Limbsounder instruments view the Earth scene by scan-
ning the high gain reflector antenna though a small angle which 
is generally less than 5° [17]. This type of scan profile can be 
achieved by applying the appropriate signals to the bias lines 
which connect all of the patches in the individual columns in 
order to produce the required progressive phase on the reflected 
field [2], [3]. Moreover in addition to this simple biasing ar-
rangement, the fabrication of the phase agile structure can be 
made easier by employing a planar reflectarray subreflector in 
a Cassegrain dual-reflector antenna [18]. This design option is 
very attractive for passive remote sensing instruments because 
it combines the high gain and broad bandwidth properties of the 
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parabolic main reflector with the simplicity of manufacturing a 
small electronically reconfigurable reflectarray which can be lo-
cated in the thermally controlled quasi-optical feed train of the 
instrument [19]. 
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